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Despite their potential to regulate approximately one-third of the
whole genome, relatively few microRNA (miRNA) targets have been
experimentally validated, particularly in stratified squamous epithe-
lia. Here we demonstrate not only that the lipid phosphatase SHIP2
is a target of miRNA-205 (miR-205) in epithelial cells, but, more
importantly, that the corneal epithelial-specific miR-184 can interfere
with the ability of miR-205 to suppress SHIP2 levels. This is the first
example of a miRNA negatively regulating another to maintain levels
of a target protein. Interfering with miR-205 function by using a
synthetic antagomir, or by the ectopic expression of miR-184, leads to
a coordinated damping of the Akt signaling pathway via SHIP2
induction. This was associated with a marked increase in keratinocyte
apoptosis and cell death. Aggressive squamous cell carcinoma (SCC)
cells exhibited elevated levels of miR-205. This was associated with a
concomitant reduction in SHIP2 levels. Partial knockdown of endog-
enous miR-205 in SCCs markedly decreased phosphorylated Akt and
phosphorylated BAD levels and increased apoptosis. We were able to
increase SHIP2 levels in SCC cells after inhibition of miR-205. There-
fore, miR-205 might have diagnostic value in determining the aggres-
sivity of SCCs. Blockage of miR-205 activity with an antagomir or via
ectopic expression of miR-184 could be novel therapeutic approaches
for treating aggressive SCCs.

M icroRNAs (miRNAs) are small, 20- to 24-nucleotide, non-
coding RNAs found in diverse organisms. In animals, most

miRNAs mediate posttranscriptional silencing by binding with
partial complementarity to the 3� UTR of the target mRNA (1, 2).
These endogenous, silencing RNAs have been shown to play
important roles in development and differentiation (3–6), cellular
stress responses (7), and cancer (8–11).

The role of miRNAs in stratified squamous epithelia remains
poorly understood. Inactivation of Dicer in mouse skin caused hair
follicles to evaginate into the epidermis rather than invaginating
downward, thus forming cyst-like structures (12, 13). These results
underscore the importance of miRNAs in the regulation of epi-
dermal and follicular development. miRNAs have also been exten-
sively profiled in the corneal epithelium and show expression
patterns that are regionally restricted (14). For example, miR-184
was the most abundant miRNA in the corneal epithelium; however,
it was conspicuously absent from the limbal epithelium, an area
enriched in corneal epithelial stem cells (15–18). In contrast,
miR-205 is broadly expressed throughout all viable cell layers in
nearly all stratified squamous epithelia including the corneal,
limbal, and conjunctival epithelia of the eye (12, 14). Thus, the
corneal epithelium is unique in that it exhibits distinct as well as
overlapping expression of miR-184 and miR-205 (14).

miRNAs have been predicted to regulate thousands of mamma-
lian genes (19); however, few targets have been experimentally
validated for the great majority of these miRNAs. With the
exception of a recent demonstration that a p63-related family
member is negatively regulated by miR-203 (20), little is known
about stratified squamous epithelial miRNA targets. We report that
miR-205 represses SH2-containing phosphoinositide 5�-phospha-
tase 2 (SHIP2). Our finding that miR-184 negatively modulates the
activity of miR-205 to maintain SHIP2 levels is the first demon-
stration that a miRNA can interfere with another to ensure the
expression of a target protein. We show (i) that SHIP2 levels can

be modulated in a variety of epithelial cells using gain- and
loss-of-function experiments with miR-184 and miR-205 and (ii)
that manipulating SHIP2 levels through miRNAs diminishes Akt
signaling leading to decreased keratinocyte survival. Finally, we find
a reciprocal relationship between miR-205 and SHIP2 expression in
squamous cell carcinoma (SCC) cell lines and suggest that miR-205
may be viewed as a tumor promoter in the context of SCCs.

Results
miR-205 Targets SHIP2. We found miR-205 in all squamous epithe-
lium that we examined (14). We also reported that miR-184 and
miR-205 are the most abundant miRNAs in corneal epithelium and
that miR-184 expression was restricted to the corneal epithelium
(14). Bioinformatic analysis suggested that, in humans, the SHIP2
(Inppl1) 3� UTR is a putative target of both miR-184 and miR-205
(21) and is the only gene with overlapping binding sites to these two
miRNAs. To test this prediction (Fig. 1A) we cotransfected HeLa
cells with a miR-184 or miR-205 mimic and luciferase reporter
constructs carrying the entire 3� UTR of SHIP2 mRNA (Fig. 1B).
In cells treated with a miR-205 mimic, we found a marked reduction
(�50%) in luciferase activity [Fig. 1 C and D and supporting
information (SI) Fig. S1B]; however, no reduction in luciferase
activity was seen in transfectants expressing miR-184 (Fig. S1A and
Fig. 1D), suggesting that miR-184 does not inhibit SHIP2. To
confirm this result, we mutated the miR-205 binding site on SHIP2
3� UTR (Fig. 1B, SHIP2�mut1). The mutation prevented miR-205
from interfering with luciferase activity, indicating that the 3� UTR
of SHIP2 is indeed a target of miR-205 (Fig. 1C).

In an effort to confirm that endogenous miR-205 regulates
SHIP2 expression, we transfected SHIP2�wt or SHIP2�mut1 re-
porters into primary human epidermal keratinocytes (HEKs),
respectively. Endogenous miR-205 indeed inhibited the luciferase
activity of the SHIP2�wt but did not affect the luciferase activity of
the SHIP2�mut1 (Fig. 1F).

miR-184 Negatively Interferes with the Regulation of SHIP2 by miR-
205. Interestingly, when we cotransfected equal amounts of miR-
184 and miR-205 into HeLa cells, miR-205 no longer inhibited
luciferase activity of the SHIP2 reporter (Fig. 1D). This suggested
that the binding of miR-184 through its seed sequence (the nucle-
otides on a miRNA that interact with a target) prevents full binding
of miR-205 with its complementary nucleotides and that nucleo-
tides upstream of the miR-205 seed match (the complementary
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nucleotides of the target) on SHIP2 3� UTR are required for full
miR-205 activity (Fig. 1B). To confirm this, we mutated the 3
nucleotides upstream of the seed match predicted for full binding
of miR-205. Cotransfection of this mutated construct with a miR-
205 mimic did not decrease luciferase activity (Fig. 1C,
SHIP2�mut2), indicative that these nucleotides are required for
miR-205 binding.

The observation that miR-184 interfered with the ability of
miR-205 to regulate SHIP2 levels can most easily be explained by
a competition for binding to the 3� UTR. To test this idea, we
mutated the nucleotides predicted to be exclusively used for miR-
184 binding to SHIP2 mRNA (Fig. 1 A and B, SHIP2�mut3).
miR-205 mimic was still able to suppress luciferase activity when
cotransfected with SHIP2�mut3 (Fig. 1E, blue and red columns),
indicative that this mutation did not affect the overall inhibitory
activity of miR-205. Cotransfection of SHIP2�mut3 with miR-184
mimic had no effect on luciferase activity (Fig. 1E, gray column, and
Fig. S1C), confirming that miR-184 does not directly inhibit SHIP2.
However, when we cotransfected miR-205 plus miR-184 mimic
with SHIP2�mut3, the luciferase activity was reduced by �60%
(Fig. 1E, orange column, and Fig. S1D). This provided additional
data in support of the idea that miR-184 negatively regulates
miR-205 to maintain SHIP2 levels in HeLa cells.

SHIP2 Protein Is Diminished by miR-205. HeLa cells have negligible
endogenous levels of miR-205 (22) and readily detectable levels of
SHIP2 (23). The most straightforward prediction from our lucif-
erase reporter assays would be that ectopic expression of miR-205
should reduce SHIP2 protein levels in HeLa cells. We found that
treatment of HeLa cells with the miR-205 mimic indeed caused a
marked reduction in SHIP2 expression, whereas treatment with an

irrelevant (nontargeting) mimic caused no reduction in SHIP2
protein (Fig. 2A). Similarly, SHIP2 immunoreactivity was dimin-
ished after HeLa cells were transfected with the miR-205 mimic
when compared with untreated HeLa cells or cells treated with the
irrelevant mimic (Fig. 2B). Taken together, these findings indicate
that, in HeLa cells, SHIP2 can be negatively regulated by miR-205.

We next considered whether miR-184 had the capacity to
maintain SHIP2 expression by antagonizing miR-205. If this was the
case, we would expect to see an increase in endogenous SHIP2
protein after transfection with mimics to miR-184 and miR-205. As
demonstrated previously, transfection of HeLa cells with miR-205
mimic led to a marked reduction in SHIP2 (Fig. 2 A and C, lane 3).
In contrast, treatment with a miR-184 mimic (Fig. 2C, lane 7), a
miR-184 mimic plus an irrelevant mimic (Fig. 2C, lane 5), or a
miR-184 mimic plus a miR-205 mimic (Fig. 2C, lane 6) did not
reduce the SHIP2 levels. These findings confirm the luciferase
reporter data indicating that miR-184 blocks the ability of miR-205
to negatively regulate SHIP2.

To study this novel regulation of SHIP2 in squamous epithelia,
we first used primary HEK cultures. These cells express miR-205
but do not express miR-184, thereby making the analysis of SHIP2
more straightforward. We reasoned that down-regulation of miR-
205 should result in a rise in SHIP2 levels. We conducted such a
miRNA loss-of-function study using an antagomir to miR-205
(Antago-205). Antagomirs are cholesterol-linked single-stranded
RNAs that are complementary to a specific miRNA and cause the
depletion of the miRNA (24). Endogenous miR-205 was markedly
reduced at 48 and 72 h after treatment with Antago-205, whereas
an irrelevant antagomir [Antago-124—a neuronal-specific miRNA
(25)] had no effect (Fig. 2D). As predicted, HEKs treated with
Antago-205 showed a marked increase in SHIP2 levels by Western

Fig. 1. miR-205 targets SHIP2 at 3� UTR and can be regulated by miR-184. (A) Sequence of the miR-205 and miR-184 binding sites within the human SHIP2 (INPPL1)
3� UTR. Red nucleotides are overlapping binding sites. Shaded areas represent conserved complementary nucleotides of miR-184 and miR-205 seed sequences in various
mammals (H.s, human; M.m, mouse; R.n, rat; C.f, chicken). (B) Schematic of the reporter constructs showing entire 3� UTR SHIP2 sequence (SHIP2 �wt) and the mutated
3� UTR nucleotides (yellow) of the miR-205 binding site (SHIP2�mut1). SHIP2�mut2 represents the reporter construct containing mutated overlapping nucleotides (blue)
of miR-184 and miR-205. SHIP2�mut3 represents the reporter construct containing nucleotides (green) predicted to be exclusively used for miR-184 binding to SHIP2
mRNA. (C) Luciferase activity of (i) SHIP2�wt in the presence of 10 nM of miR-205 showing the inhibitory activity of this reporter and (ii) the SHIP2�mut1 and mut2
reporters, showing that miR-205 mimic cannot inhibit the luciferase activity of these constructs compared with the wild-type construct. The overlapping nucleotides
of miR-184 and miR-205 are required for miR-205 binding to SHIP2 3� UTR as is the seed sequence of miR-205. Error bars (SEM) are derived from six experiments in
triplicate. (D) Luciferase activity of SHIP2�wt reporter in the presence (�) or absence (�) of various concentrations of miR-205, miR-184, or nontargeting (irrelevant)
mimics. Transfection (red) of miR-205 mimic inhibits luciferase activity, whereas transfection (gray) of miR-184 mimic has no effect. Cotransfection (orange) of 1 nM
miR-184 and 10 nM miR-205 mimics cannot completely restore luciferase activity, whereas cotransfection (green) of equal amounts of miR-184 and miR-205 mimics
completely rescued luciferase activity. Error bars (SEM) are derived from three experiments in triplicate. (E) Luciferase activity of SHIP2�mut3 reporter showing that (i)
this mutation does not inhibit miR-205 binding to SHIP2 3� UTR (blue and red columns); (ii) miR-184 does not inhibit this mutated reporter (gray column); and (iii)
cotransfection of miR-184 and miR-205 cannot restore luciferase activity of 184 mut3 (orange column). Error bars (SEM) are derived from three experiments in triplicate.
Controls for theseexperimentsare showninFig. S1CandD. (F) LuciferaseactivityofSHIP2�wtandSHIP2�mut1 inHEKs showingthatendogenousmiR-205 inhibits SHIP2.
Positive controls (184/205�PER) are shown in Fig. S1E.
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(Fig. 2D) and immunohistochemical (Fig. 2E) analyses when com-
pared with the irrelevant antagomir-treated or untreated HEKs.
Thus, in HeLa cells and HEKs, SHIP2 levels are down-regulated by
miR-205.

Down-Regulation of miR-205 Dampens Akt Signaling. One of the roles
ascribed to SHIP2 has been the negative regulation of the Akt
pathway (26–28); however, this ability of SHIP2 has not been
investigated in keratinocytes. Toward this aim, siRNA oligonucle-
otides specific for SHIP2 were transfected into HEKs and harvested
for Western blot analysis after 72 h. Consistent with our previous
experiments, reduced SHIP2 levels resulted in a concomitant
increase in phosphorylated AKT (p-Akt) (Fig. 3B).

In view of these observations, we reasoned that increased levels
of SHIP2 in HEKs after treatment with Antago-205 might decrease
levels of p-Akt and phosphorylated BAD (p-BAD). Western blot
analysis was used to measure the protein levels of SHIP2, pan

(1/2/5)Akt, p-Akt, BAD, p-BAD, phosphorylated PTEN (p-
PTEN), and phosphorylated GSK3� (p-GSK3�) in HEK cells after
Antago-205 treatment. We observed an increase in SHIP2 and a
coordinated decrease in p-Akt and p-BAD when compared with the
irrelevant antagomir or untreated HEKs (Fig. 3A). However, no
major change in total Akt, BAD, p-PTEN, or p-GSK3� levels was
observed. Moreover, silencing of SHIP2 to prevent its induction by
Antago-205 treatment led to an increase in p-Akt (Fig. 3C). Taken
together, these studies demonstrate that SHIP2 is regulated by
miR-205 and is required for the negative regulation of the Akt
pathway in keratinocytes (Figs. 3A).

One of the outcomes of Akt signaling is to induce endogenous
BAD phosphorylation, which ultimately leads to the inhibition of
BAD-dependent death (29). To address whether the lower levels of
p-BAD resulting from the down-regulation of miR-205 (Fig. 3A)
would induce keratinocyte apoptosis and cell death, we determined
the number of early and late apoptotic keratinocytes after treat-
ment with Antago-205. As expected, there were few early apoptotic
cells (1%) in the untreated and irrelevant antagomir-treated (2%)
keratinocytes, whereas Antago-205 caused an �10-fold increase in
early apoptotic cells as judged by annexin V staining (Fig. 3D).
Similarly, there was a notable increase in propidium iodide staining,
indicating elevated levels of cell death (Fig. 3D). This dramatic
increase in apoptosis and cell death indicates that miR-205 may
enhance keratinocyte survival by negatively regulating SHIP2.

miR-205 Is Abundant in SCC Cell Lines. It has been reported that
miR-205 is overexpressed in head and neck SCC cell lines (30, 31);
however, no attempt has been made to validate potential targets of
miR-205 in these cell lines. We postulated that if SHIP2 levels are
controlled by miR-205, we would see a correlation between miR-
205 and SHIP2 in oral SCC cell lines. We cultured SCC9 [tongue
(32)], SCC68 [oral (32)], and CAL27 [tongue (33)] cell lines and
observed a reciprocal relationship between the miR-205 levels and
SHIP2 expression in these cells (Fig. 3E). SCC68 and CAL27,
aggressive oral SCC lines (33–35), had high levels of miR-205
and low amounts of SHIP2. SCC9, which is minimally invasive
(36), had lower amounts of miR-205 along with higher levels of
SHIP2 (Fig. 3E).

Treatment of SCC68 cells with Antago-205 showed (i) a dramatic
decrease in miR-205 levels (Fig. 3F), (ii) an increase in SHIP2
expression (Fig. 3G), (iii) a decrease in p-Akt and p-BAD expres-
sion (Fig. 3G), and (iv) an increase in apoptotic cells (Fig. 3H)
paralleling our observation in normal HEKs (Fig. 3D). Taken
together, these results provide additional evidence that SHIP2
levels are regulated by miR-205 and suggest that high levels of
miR-205 may contribute to SCC pathogenesis via a SHIP2-
mediated enhancement of Akt signaling and cell survival. The
restoration of SHIP2 in SCCs via an antagomir to miR-205, which
dampens Akt signaling and increases apoptosis, might be a novel
use for this antagomir in the treatment of these neoplasias.

SHIP2 Regulation Is Unique in Corneal Keratinocytes. Having estab-
lished that SHIP2 is a target of miR-205 in HEKs and SCC cell lines,
we next examined the relationship between SHIP2 and miR-205 in
human corneal epithelial keratinocytes (HCEKs). The situation in
HCEKs is more complex because these cells express miR-184 and
miR-205 (Fig. 4A), which interact to maintain SHIP2 levels in HeLa
cells (Figs. 1 D and E and 2C). We reasoned that if miR-184
normally maintains SHIP2 levels by inhibiting the interaction of
miR-205 with SHIP2, treatment of HCEKs with an antagomir to
miR-184 would ‘‘release’’ miR-205 to down-regulate SHIP2. As
expected, both SHIP2 expression and miR-184 levels decreased
72 h after treatment with Antago-184 (Fig. 4 A and B). In contrast,
Antago-205 resulted in a down-regulation of miR-205 and an
increase in SHIP2 levels compared with the untreated and control
cells (Fig. 4 A and B).

Our previous in situ hybridization studies demonstrated that

Fig. 2. SHIP2 levels are controlled by miR-205 and miR-184. (A) Immunoblotting
of SHIP2 in HeLa cells that were treated with a miR-205 mimic, decrease protein
48 and 72 h after treatment. (B) Immunofluorescence microscopy of HeLa cells
stained with anti-SHIP2 and anti-SHIP2/DAPI showing a marked decrease in
staining 72 h after treatment with miR-205 mimic. Staining data at 48 h is
presented in Fig. S2A. (C) Immunoblotting of SHIP2 in HeLa cells that were
untreated (1), transfected with an irrelevant mimic (ir-mim; 2), miR-205 mimic
(205-mim; 3), miR-205 mimic plus and irrelevant mimic (ir � 205-mim; 4), miR-184
mimic plus an irrelevant mimic (ir � 184-mim; 5), miR-184 plus miR-205 mimics
(184 � 205-mim;6), and miR-184 mimic (184-mim; 7) for 48 h. miR-205 mimic
reduces SHIP2 levels (3, 4) whereas miR-184 inhibits miR-205 from reducing SHIP2
levels (6). (D) Northern analysis using a miR-205 specific probe showing a marked
decrease in miR-205 levels in HEKs treated with an antagomir to miR-205 (An-
tago-205) for 48 and 72 h. Immunoblotting of SHIP2 and �-tubulin in HEKs shows
an increase in SHIP2 expression 48 and 72 h after treatment with Antago-205. (E)
ImmunofluorescencemicroscopyofHEKs stainedwithSHIP2showingan increase
in staining after 72 h of treatment with Antago-205. Staining data at 48 h are
presented in Fig. S2B. Numbers below the panels represent the normalized
expression signal of proteins and RNAs.
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miR-184 was expressed in the corneal epithelium but not in the
limbal epithelium, whereas miR-205 was expressed in both the
corneal and limbal epithelia (14). If the function of miR-184 in
corneal epithelium is to maintain SHIP2 levels by antagonizing
miR-205, SHIP2 staining should be more intense in corneal versus
limbal epithelium. Indeed, SHIP2 was detected immunohisto-
chemically in normal human corneal epithelium (Fig. 4 D and F)
whereas much less SHIP2 staining was observed in the limbal region
(Fig. 4 D and E). These in vivo data strongly supports our in vitro
findings that miR-184 antagonizes miR-205 to maintain SHIP2
levels.

We propose that a balance exists between miR-184 and miR-205
and that this maintains SHIP2 levels (Fig. 5A); however, abrogation
of miR-205 elevates SHIP2 because the miR-184/205 balance is
altered and miR-184 alone has no inhibitory effect on SHIP2 (Fig.
5B). Similar to the HeLa cell transfections, miR-184 antagonizes
miR-205 to maintain SHIP2 levels in corneal keratinocytes and
corneal epithelium, and this highlights the uniqueness of the cor-
neal epithelium with respect to SHIP2 regulation (Figs. 4 and 5B).

Discussion
A chief impediment to understanding miRNA function has been
the relative lack of experimentally validated targets. We dem-
onstrate that SHIP2 mRNA is a target of miR-205 in HEKs and
that, in HCEKs, miR-184 antagonizes miR-205, thereby main-
taining SHIP2 levels. To our knowledge, this is the first example
in a vertebrate system where one miRNA abrogates the inhib-
itory function of another. Our mutation analyses indicate that
miR-205 binds to SHIP2 mRNA leading to translational repres-
sion. This has been proposed as the ‘‘classical’’ manner in which
miRNAs affect protein synthesis in mammalian systems (1). The
mechanism by which miR-184 negatively regulates miR-205 is
unique. Binding of miR-184 to its seed sequence has no direct
effect on SHIP2 translation, but instead prevents miR-205 from
interacting with SHIP2 mRNA. This neutralizes the inhibitory
activity of miR-205 on SHIP2, a situation special to the corneal

epithelium because this is the only known epithelium that
exhibits overlapping expression of miR-184 and miR-205 (14).
Previously, investigators have considered the regulation of pro-
teins or mRNAs by miRNAs as a one-to-one event; however, our
findings indicate that in some instances the situation is more
complex and that cross-talk between individual miRNAs can occur.

The need for maintaining SHIP2 levels, which down-regulate the
Akt pathway, may relate to the requirement of corneal avascularity
so that light required for vision can be transmitted to the lens.
Inhibition of Akt can lead to the down-regulation of VEGF, which
can repress angiogenesis. We suggest that SHIP2, via its ability to
negatively regulate the Akt pathway, could suppress corneal an-
giogenesis through inhibition of VEGF (37). In this scenario, SHIP2
would be functioning similarly to inhibitory PAS domain protein,
which has been shown to maintain an avascular phenotype in
corneal epithelium via the negative regulation of VEGF (38).

Despite the ubiquitous distribution of SHIP2 in vertebrate tissues
(28, 39), little attention has been directed toward this lipid phos-
phatase in stratified squamous epithelia, and consequently the
function(s) of endogenous SHIP2 in these tissues remain poorly
understood. Antago-205 increased keratinocyte SHIP2 levels,
which was coordinated with a dampening of Akt signaling (Fig. 5A).
Moreover, the down-regulation of miR-205 markedly increased
keratinocyte apoptosis and cell death. This is consistent with the
report that SHIP2 overexpression in MDCK epithelial cells resulted
in cytotoxicity (40). We believe that one of the functions of
miR-205, which is broadly expressed in epithelia, is to control
SHIP2 levels and maintain cell survival through the Akt pathway.

It is becoming increasingly clear that alterations in miRNAs may
adversely impact on cancer (10, 41–43). Of particular relevance to
the present study are observations that miR-205 is up-regulated in
a variety of carcinomas (8, 9, 30, 31, 44, 45). Our finding that
elevated levels of miR-205 markedly reduce SHIP2 in aggressive
SCC cell lines provides some insight into a potential role of miR-205
in SCCs. PTEN (phosphatase and tensin homologue deleted on
chromosome 10) is a lipid phosphatase similar to SHIP2 in that PIP3

Fig. 3. miR-205 affects the Akt path-
way in keratinocytes directly through
targeting of SHIP2 and is inversely cor-
related with SHIP2 in SCC cell lines. (A)
Immunoblotting of SHIP2, phosphory-
lated Akt (p-Akt), total pan (1/2/5) Akt,
phosphorylated BAD, total BAD, phos-
phorylated PTEN (p-PTEN), and phos-
phorylated GSK3� (p-GSK3�) in HEKs
that were untreated (un-rx) or treated
with an ir-antagomir or Antago-205 for
48 h. �-Tubulin serves as a loading con-
trol. (B) Immunoblots of SHIP2, p-Akt,
AKT, and �-tubulin in HEKs 72 h after
transfection with SHIP2 siRNA and con-
trol siRNA, showing decreases in SHIP2
and increases in p-Akt. (C) Immunoblots
of SHIP2, p-Akt, AKT, and �-tubulin in
HEKs 48 h after treatment with an an-
tagomir to miR-205 or an irrelevant an-
tagomir. HEKs were subsequently
treated for another 72 h with combina-
tions of siRNA to SHIP2, control siRNA,
antagomir-205, and irrelevant an-
tagomir. (D) Keratinocytes were stained
with propidium iodide and annexin V
48 h after treatment with an ir-an-
tagomir or Antago-205 and compared with untreated cells. Late apoptotic cells are seen in the top right quandrant. (E) Northern analysis of oral SCC cell lines using
a miR-205-specific probe showing increases in miR-205 in SCC68 and CAL27 cells. Immunoblotting of SHIP2 in oral SCCs showing a marked decrease in SHIP2 in SCC68
and CAL27 cells. (F) Northern analysis with a miR-205-specific probe in SCC68 cells that were treated with an ir-antagomir or Antago-205 for 48 h. U6 serves as a loading
control. (G) Immunoblotting of SHIP2, p-Akt, total Akt, p-PTEN, p-GSK3�, p-BAD, and BAD in SCC68 cells treated as described in F. �-Tubulin serves as loading control.
(H) SCC68 cells were treated as described in F and G and then stained with propidium iodide and annexin V. Numbers below the panels represent the normalized
expression signal of proteins and RNAs.
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is a common lipid substrate (for review see ref. 46). PTEN is more
widely regarded as a tumor suppressor than SHIP2; however,
PTEN mutations are rarely found in head and neck, oral, and skin
SCCs (47–49), suggestive that another tumor suppressor gene may
be associated with the development of these neoplasias (49). Our
observations indicate that SHIP2 might fulfill this role through its
negative regulation of the Akt pathway, which is frequently dereg-
ulated in many types of cancer (for review see ref. 50). Because
down-regulation of miR-205 in an aggressive SCC cell line restores
SHIP2, we suggest that miR-205 may be viewed as a tumor
promoter in the context of SCCs (Fig. 5C). Therefore (i) miR-205
might have diagnostic value in determining the aggressivity of
SCCs, and (ii) an antagomir to miR-205 or ectopic expression of
miR-184 could be novel therapeutic approaches for treating ag-
gressive SCCs (Fig. 5C).

The idea that SHIP2 might function as a tumor suppressor
in keratinocytes makes excellent biological sense from the

perspective of corneal epithelial SCCs. These tumors develop
from limbal rather than corneal epithelium (51). It is note-
worthy that the stem cell compartment, the primary site for
malignant transformations (52, 53), is localized to the limbus
(15–17). We suggest that an additional factor for a limbal
origin of corneal epithelial SCCs may be the absence of
miR-184 in the limbal epithelium; because miR-184 is present
in the corneal epithelium, this helps preserve SHIP2 levels
(Fig. 4 D and F), thereby maintaining the presence of a
potential tumor suppressor (Fig. 5B). Conversely, the abrupt
absence of miR-184 in the limbal epithelium enables miR-205
to negatively regulate SHIP2 levels (Fig. 4 D and E), decreas-
ing its potential tumor suppressor function in a stem-cell
enriched region. As many neoplasias result from underex-
pressed tumor suppressor genes, down-regulation of SHIP2 in
limbal basal cells could contribute to the neoplastic transfor-
mation of these cells.

A B

C

D

FE

Fig. 4. miR-184 alters the ability of miR-205 to affect
SHIP2 in corneal keratinocytes in vitro and in vivo. (A)
Northern analysis of primary human corneal epithelial
(HCEKs) cells using specific probes for miR-184 and miR-
205, showing expression of both of these miRNAs in
untreated and control (Ir-antagomir) cells. After 72 h of
treatment, each antagomir abrogates the respective
miRNA. U6 serves as a loading control. Shown is immu-
noblotting of SHIP2 and �-tubulin in HCEKs that were
untreated or were treated with Ir-antagomir, Antago-
205, or an antagomir to miR-184 (Antago-184) for 72 h.
(B) Immunofluorescence microscopy of HCEKs stained
for SHIP2 showing a marked decrease in staining after a
72-h treatment with antagomir-184, whereas treatment
with antagomir to miR-205 resulted in an increase in
SHIP2 staining. (C and D) Serial frozen sections of human
limbal and corneal epithelium immunohistochemically
stained with an antibody that recognizes IgG (control, C)
or SHIP2 (D). (E and F) Higher magnification of the boxed
areas of the limbal (l, E) and corneal (c, F) epithelia,
showing a decrease in SHIP2 staining in the limbal epi-
thelium compared with the corneal epithelium. Num-
bers below the panels represent the normalized expres-
sion signal of proteins and RNAs.

Fig. 5. Proposed regulatory effects of
miR-205 and miR-184 on SHIP2 levels in
various epithelial contexts. (A) Epider-
mal keratinocytes. Decreasing miR-205
via antagomir-205 increases SHIP2 lev-
els resulting in the dampening of Akt
signaling and an increase in apoptosis
and cell death. (B) Corneal keratino-
cytes. Decreasing miR-184 via an-
tagomir-184 ‘‘releases’’ miR-205 to re-
duce SHIP2 levels augmenting the Akt
pathway, with increased cell survival
and angiogenesis as possible outcomes.
Because miR-184 does not inhibit SHIP2,
decreasing miR-205 via antagomir-205 disturbs the normal balance between SHIP2 and miR-184/205. (C) SCC. Ectopic expression of miR-184 or treatment with an
antagomir to miR-205 represents potential therapeutic modalities for the treatment of SCCs by increasing SHIP2 levels, which might act as a tumor suppressor in these
neoplasias.
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Materials and Methods
Constructs, Transfections, and Assays. The 3� UTR of the human SHIP2 mRNA was
cloned in between the SpeI and HinDIII sites of pMIR-Report. Mutants 1–3 of the
SHIP2 sequence were created by using a QuikChange Site-Directed Mutagenesis
Kit (Stratagene). miRNA mimics specifying miR-184 and miR-205 and nontarget-
ing control were obtained from Dharmacon.

HeLacellsandHEKswere seededonto24-wellplates (1�105 cellsperwell) the
day before transfections were performed. Cells (�70% confluent) were trans-
fected with pMIR-Report constructs (50 ng per well), pRL-SV40 Renilla luciferase
(10 ng per well), and miRNA mimics (10 nM). All transfections were carried out in
triplicate with Lipofectamine 2000 (Invitrogen). Cell lysates were prepared with
Passive Lysis Buffer (Promega) 48 h after transfection, and luciferase activities
were measured by using the Dual Luciferase Reporter Assay (Promega). For
Western and immunohistochemical analyses, HeLa cells were serum-starved for
48 h after transfection.

Antagomirs directed against miR-184, miR-205, and miR-124 were synthesized
by Dharmacon and were added to culture media to a final concentration of 1,000
pmol/mL. Cells were grown in normal culture media to a 70% confluent state and
were then treated with antagomir-containing culture media for 48–72 h.

SHIP2 siRNA and control siRNA pools were synthesized by Dharmacon and
transfected into HEKs (200 nM) by using Lipofectamine 2000. Medium was changed
every 24 h, and cells were cultured for 72 h and harvested for Western blot analyses
as described below. For the siRNA and antagomir combination experiments, HEKs
were grown in normal culture media containing 1,000 pmol/mL antagomir-205 or
an irrelevant antagomir for 48 h. These cells were then cotreated with 200 nM
siRNA and 1,000 pmol/mL antagomir-205 for another 72 h. Cells were harvested for
Western blot analyses. Please see SI Materials and Methods for details.

Cell Culture. Primary human epidermal keratinocytes (HEKs) were grown in
keratinocyteserum-freemedia(154media;CascadeBiologicals) containingHKGS
growth supplements and 70 �M CaCl2. HCEKs were cultured in CnT20 with
supplements (CellnTech). SCC9 and CAL27 were grown in DMEM/F12 (Gibco)
containing 10% FBS. SCC68 was cultured in Keratinocyte SFM (Gibco) with rec-
ommended supplements. HeLa cells were obtained from American Type Culture
Collection and grown in F12 Ham’s media with 10% FBS.

Northern and Western Blots. Northern blots were performed as described pre-
viously (14). For Western blots the following antibodies were used: SHIP2, p-Akt,
Akt, p-BAD, BAD, p-PTEN, p-GSK-3�, and �-tubulin. Please see SI Materials and
Methods for details.

Immunohistochemistry and Light Microscopy. We conducted immunocytochem-
istry on HeLa, HEK, and HCEK cultures and immunohistochemistry on normal
human corneal epithelium as is routinely performed in our laboratory. Please see
SI Materials and Methods for details.

Apoptosis Assays. ApoptosisassaywasperformedonHEKsandtheSCC68cell line
48 h after treatment with either an antagomir directed against miR-205 or an
irrelevant antagomir using the Annexin V-FITC Apoptosis Detection Kit I (BD
Biosciences) according to the manufacturer’s protocols and analyzed by using the
FACSCalibur Flow Cytometer (BD Biosciences).
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